Optical fibres constitute an exceptional sensing platform. However, standard fibres present an inherent sensing challenge: they confine light by design to an inner core.
Introduction
Optical fibre sensors cover hundreds of kilometres, are readily embedded within structures, are immune to electro-magnetic interference, and suitable for hazardous environments 1, 2 . Fibres support distributed measurements, in which each segment becomes an independent sensing node of a structural network [3] [4] [5] [6] [7] [8] . However, nearly all distributed sensors monitor conditions, such as temperature, strain, sound or vibrations, which affect the core of a standard fibre [3] [4] [5] [6] [7] [8] . Known protocols for chemical sensing of surrounding media mandate spatial overlap between light and the substance under test. Hence fibre-based chemical sensors involve non-standard geometries such as photonic-crystal or micro-structured fibres [9] [10] [11] [12] , make use of reactive materials [13] [14] [15] [16] , or require significant structural modifications of standard fibres [17] [18] [19] [20] [21] [22] [23] [24] . Most realizations support only point sensors. In one notable exception, distributed sensing of chemicals was realized by adding fluorescent dyes to the fibre cladding 25 .
We have recently proposed and demonstrated the measurement of the mechanical impedance of substances outside the cladding of an unmodified, standard fibre 26 . The principle is based on guided acoustic waves Brillouin scattering (GAWBS) , a mechanism in which guided light waves are affected by guided acoustic modes of the fibre. Unlike the optical mode, the transverse profiles of guided acoustic modes extend across the entire cladding cross-section and may probe surrounding media. The mechanical impedance of water and ethanol was measured with 1% precision, even though guided light never reached the test liquids 26 . Several other successful demonstrations quickly followed [48] [49] [50] . However, only point-measurements could be realized 26, [48] [49] [50] . Much greater promise lies in the potential extension of this sensing protocol to distributed measurements. In addition, the previous results were restricted to bare fibres, with the coating completely or partially removed.
Distributed analysis of guided acoustic waves is fundamentally challenging. All known fibre sensor protocols rely on backwards scattering processes, such as Rayleigh, backwards-Brillouin or Raman scattering mechanisms [3] [4] [5] [6] [7] [8] . Backscatter events may be directly localized through timeof-flight measurements. Guided acoustic waves, on the other hand, induce forward scattering .
Here we propose and demonstrate a new sensing concept that works around this difficulty:
opto-mechanical time-domain reflectometry (OM-TDR). Analysis is performed over 3 km of standard fibre with 100 m spatial resolution. Measurements successfully distinguish between air, ethanol and water outside the cladding, and between acrylate and polyimide coatings. In addition, the analysis also distinguishes between air and water outside a commercially available, polyimide-coated fibre.
Results

Principle of operation
We discuss first the coupling between two optical field components through the stimulation of a guided acoustic wave. Consider the radial guided acoustic modes of the fibre 0, R m , where m is an integer. Each mode is characterized by a cut-off frequency m  27,28 . Close to cut-off, the axial acoustic phase velocity approaches infinity 27, 28 . Hence for each mode there exists a frequency, very near cut-off, for which the axial phase velocity matches that of the guided optical mode. The acoustic mode may be stimulated by two co-propagating optical field components, which are offset in frequency by m  , through electrostriction. Pz are governed by the following pair of coupled nonlinear differential equations (see Supplementary Note 1):
Here  denotes the coefficient of linear losses, and     km -1 [38, 39] . The equations indicate that the stimulation of acoustic waves leads to the amplification of the lowerfrequency optical tone, at the expense of the higher-frequency one. They are equivalent to those of forward stimulated Raman scattering, hence the process is also referred to as Raman-like
is given by 38, 39 : . Also in Equation (3), r t is the acoustic propagation delay across the fibre diameter 26 . It equals 20.83 ns for uncoated silica fibres with 125 µm diameter. Equation (3) shows that the modal linewidth increases with the mechanical impedance of the outside medium   Zz. The mapping of local opto-mechanical spectra may therefore provide distributed analysis of media outside the fibre boundary. Such mapping can be extracted from the local power levels of the two optical fields, using Equation (1):
The OM-TDR measurement protocol is based on Equation (4). It is illustrated in Figure 1 (see also Methods section). The amplitudes of the two field components at frequencies Pz cannot be measured directly, they are estimated instead based on the Rayleigh backscatter of the two field components. Multi-wavelength analysis of Rayleigh backscatter was previously proposed and employed in the distributed monitoring of four-wave mixing processes related to the Kerr effect, and in measurements of local chromatic dispersion 51, 52 . A similar approach is followed here towards the mapping of stimulated guided acoustic waves.
The separation between the two backscatter contributions is challenging due to the small offset  between their optical frequencies: only few hundreds of MHz. Individual traces are obtained using narrowband, backwards stimulated Brillouin scattering fibre amplifiers 52 , that are tuned to amplify light at either 1  or 2  (see Figure 1 ). The two traces are detected and processed offline to obtain the nonlinear coefficient Pz raise an additional challenge: Rayleigh backscatter of coherent light is extremely noisy. Standard optical time-domain reflectometry avoids this difficulty by using broadband, incoherent sources, which are inapplicable to the stimulation of guided acoustic waves. Instead, each OM-TDR trace is acquired multiple times, using different choices of the central optical frequency 0  , while keeping the frequency offset  fixed. The averaging of collected traces with respect to 0  reduces the coherent Rayleigh backscatter noise considerably. However, the need for a large number of repeating measurements at every  is a drawback of the proposed protocol. Note that while the nonlinear coefficient spectra are constructed using measurements of intensity, the analysis of surrounding media is based on the local linewidths. The spectral estimate is more robust to measurement noise than individual intensity readings.
The OM-TDR principle differs from that of our initial, integrated-sensor demonstration 26 , in the following significant respect: Here the acoustic waves are driven by two optical tones, and their counter-effect on the same two tones is being monitored. The process is therefore one of stimulated scattering. In contrast, the monitoring of the acoustic waves in the earlier work relied on the scattering of a separate optical probe wave at a different wavelength 26 . The probe did not affect the acoustic waves, and its scattering may be viewed as a spontaneous process.
Experimental measurements
The proposed OM-TDR protocol was demonstrated experimentally. The setup and procedures are described in detail in the Methods Section. The duration of incident pulses was 1 µs, corresponding to a spatial resolution of 100 m. Measurements were taken over 2-3 km of standard single-mode fibres with standard, dual-layer acrylate coating of 250 µm diameter. The difference is due to residual four-wave mixing effects, which lead to the transfer of power to additional spectral components at frequencies Finally, an OM-TDR map with 3 km range and higher spatial resolution of 50 m is presented in Figure. 7. In this experiment, the duration of pulses was shortened to 500 ns. In addition, the linewidth of the tuneable laser diode used as the source of the two input tones was broadened to 100 MHz, through external phase modulation (see also Methods section). The spectral broadening reduces noise due to coherent Rayleigh backscatter in each trace 54, 55 . Therefore, the signal-to-noise ratio (SNR) of the analysis could be improved without increasing the number of averaged traces. In addition, the scanning range of the central optical frequency 
Discussion
The spatial resolution of the distributed analysis is limited by the lifetimes of stimulated guided acoustic waves, and by the SNR of the collected traces. The lifetimes can be as long as 1 µs for fibres in air 26 . The corresponding restriction on resolution can be overcome, for example, by carrying over double-pulse analysis protocols that were developed for Brillouin sensing 56, 57 .
The measurement SNR currently represents the more stringent restriction. It is affected by the differential analysis of measured traces:
, which is susceptible to noise. In similarity with Brillouin sensors, the analysis of the entire gain spectra is more robust to noise than individual measurements of intensity 58 . Nevertheless, better SNR of individual acquisitions would be required for higher resolution 58 .
The dominant noise mechanism is due to coherent Rayleigh backscatter. As already demonstrated in Figure 7 above, this noise mechanism may be partially suppressed through the spectral broadening of the input tones 54, 55 . Broadening is based on phase modulation only, hence it does not affect the stimulation of the acoustic modes. The source linewidth should be kept below m  , in order to separate the backscatter traces of the two tones. Future double-pulse analysis protocols would involve pulses that are several µs-long, as opposed to the 500 ns duration used above. When longer pulses are used, the suppression of coherent backscatter through spectral broadening becomes more effective 54, 55 . Therefore, the prospects of doublepulse OM-TDR with a spatial resolution of few tens of metres appear promising. In addition, the range of central optical frequencies used in this work has been limited to 125-250 GHz, (the equivalent of 1-2 nm wavelength span), due to equipment constraints. A broader scanning range may reduce noise levels even further. Measurements outside coated fibres also provide opportunities: the composition and diameter of the coating may be optimized for increased OM-TDR sensitivity, at specific target values of mechanical impedance outside the fibre.
The measurement range is currently restricted by the four-wave mixing build-up of higherorder Stokes and anti-Stokes waves at frequencies
, where n is an integer 59 . The power levels of four-wave mixing terms at the output end of the fibre were kept at least 6 dB below those of the two primary tones of interest. This requirement restricted the measurement range to 3 km. The OM-TDR protocol may be extended to the monitoring of multiple scattering orders, with proper extension of Equation (4), to obtain a longer measurement range. The model can also be extended to include Kerr nonlinearity 49 . Although only a modest number of 30 resolution points has been achieved in this work, the limitation is not fundamental. We well expect that both range and spatial resolution will be enhanced in future studies.
In conclusion, three categories of distributed fibre sensors have been known for over thirty years, based on backwards Rayleigh, Raman, and Brillouin scattering. All are restricted to the monitoring of conditions that prevail within the core of standard fibre. Herein a fourth class has been proposed and demonstrated: OM-TDR. This new sensor implementation provides distributed analysis of media outside the cladding of standard, unmodified fibre, and even coated fibre. It relies on the mapping of forward scattering by stimulated guided acoustic modes of the entire fibre cross-section. On top of conceptual novelty, the results may find significant applications in the oil and gas and energy sectors, oceanography, leak detection, structural health monitoring and more.
Methods:
Stimulation of guided acoustic waves A schematic illustration of the OM-TDR experimental setup is shown in Figure 8 . Light from a tuneable laser diode of 100 kHz linewidth, at optical frequency 0  , is used as the source of all optical fields. In the experiments reported in Figure 6 and Figure 7 , the laser diode output is phase-modulated by a pseudo-random binary sequence at a rate of 100 Mbit/s. Modulation is carried out using an external electro-optic phase modulator driven by a pattern generator. The modulation broadens the linewidth of the laser source to the order of the bit rate, and helps reduce noise due to coherent Rayleigh backscatter 54, 55 .
The laser diode output is then split into two paths. Light in one arm (referred to as the sensor branch) is modulated by a double-sideband electro-optic amplitude modulator, which is driven by a sine wave at a variable radio frequency 
. The constant C is governed by the recapture of Rayleigh backscatter and is independent of both 0  and  . The local nonlinear optomechanical coefficient is estimated offline according to Equation (4):
The measurement procedure is repeated for 40 choices of  within a range of 2×40 MHz, in order to construct the local opto-mechanical coupling spectra due to a radial acoustic mode phase modulator (PM) that is driven by a pseudo-random bit sequence is used to broaden the laser linewidth to the order of 100 MHz (broadening was only used in the experiments reported in Figures 6 and 7) . Light in the sensor branch is modulated by an electro-optic amplitude modulator (EOM) and a semiconductor optical amplifier (SOA), to generate two tones at optical frequencies 1 0 2   within a common pulse envelope. The input waveform (red) is amplified by an erbium-doped fibre amplifier (EDFA) and launched into one end of a fibre under test. The two field components are coupled by a forward stimulated Brillouin scattering process along the fibre, which strongly depends on the choice of the radio-frequency difference  . Rayleigh back-scatter (green) of the two tones propagates back through a fibre-optic circulator into a second fibre section, which is used as a frequency-selective, backwards stimulated Brillouin scattering (SBS) amplifier. Light from the laser diode source in the amplifier branch (brown) is offset in frequency by a single-sideband electro-optic modulator (SSB), to generate the SBS pump wave. The SBS amplification is tuned to separate between the Rayleigh backscatter contributions of the two optical tones. The amplified waveforms are detected by a photodetector and sampled by a real-time oscilloscope for further off-line processing. Measurements are repeated for multiple choices of  . The analysis of the collected Rayleigh back-scatter traces generates opto-mechanical time-domain reflectometry maps for distributed sensing of media outside the cladding (and even outside the coating) of the fibre under test. PC: polarization controller.
